To investigate how long-lived forest trees cope with low soil phosphorus (P) availabilities, we characterized P nutrition of beech (Fagus sylvatica, L.) in soils from P-rich and P-poor beech forests throughout an annual growth cycle. Young trees were excavated with intact soil cores in mono-specific beech forests, kept under common garden conditions, and used for 33 P labeling, analyses of P uptake, P content and biomass during five phenological stages (dormancy in winter, bud swelling in early spring, mature leaves in early and late summer, and senescent leaves in fall). Seasonal allocation patterns showed that young, emerging leaves were preferred sinks for P under P-poor conditions, thereby keeping foliar P concentrations at levels similar to those of trees grown in P-rich soil. Phosphorus concentrations in stems and roots of trees from the P-poor conditions were lower than those from P-rich conditions. Coarse roots were the main P storage tissue, supplying inorganic P to newly formed leaves, originating from the inorganic and organic P pools under low and high P conditions, respectively. Beech trees in P-poor soil exhibited net biomass increment early in the annual growth along with a strong P deficit, which was replenished by enhanced uptake in late summer and fall. Trees in P-rich soil grew until late summer, and showed a moderate P decline in organic pools and recovery late in fall, which coincided with elevated P uptake from soil. Beech in P-poor soil produced more biomass per unit of P but at a slower growth rate than those in P-rich soil, thereby exhibiting similar P-use efficiencies. Temporal decoupling of growth and P acquisition in combination with internal P trade-off between storage tissues and leaves facilitated flexible acclimation of beech to a wide range of soil P availabilities.
Introduction
Phosphorus (P) is an essential plant nutrient, and therefore of paramount importance for forest ecosystem functions (Föllmi 1996 , Jonard et al. 2015 . Plant availability of soil P is impeded by adsorption of P i phosphate (PO 4 3− ) to soil particles, sequestration in insoluble precipitates, and its slow diffusion in soil solution (Bieleski 1973) . Since soil P content declines with soil geological age (Turner and Condron 2013) forest ecosystems have evolved from acquiring systems, where P-rich soils sustain the organisms, to recycling ecosystems, which must deal with Ppoor soil conditions (Lambers et al. 2008 , Rastetter et al. 2013 . Consequently, forest ecosystems are expected to adopt different nutrition strategies depending on P availability with tighter nutrient cycles on P-poor than on P-rich sites .
In the temperate zone in Europe, beech (Fagus sylvatica, L.) is the most widespread forest tree, naturally occurring on a broad range of soil types (Leuschner et al. 2006 ) that have developed from different parent materials since the last ice age (Peters 2013) . Foliar P concentrations determined in 79 beech forests across Europe ranged from 0.8 to 1.6 mg P g −1 dry mass and did not reach levels indicative for a surplus P supply of >1.9 mg g −1 on any of the study sites (Talkner et al. 2015) . In agreement with other studies there was a long-term temporal trend towards declining P levels (Duquesnay et al. 2000 , Ilg et al. 2009 , Jonard et al. 2015 , Talkner et al. 2015 . These observations underpin that forests that developed on low P soils such as many beech forests in Europe (Prietzel et al. 2016) are at a higher risk of suffering from P limitations than other ecosystems (Elser et al. 2007 ). Phosphorus limitations and amelioration have been extensively studied in agricultural plants (Veneklaas et al. 2012 , Baker et al. 2015 , whereas our knowledge on tree P nutrition is still scarce (Rennenberg and Herschbach 2013) . In comparison with annual plants, nutrient acquisition, utilization and recycling is more complex in trees because of their longevity, nutrient deposition in storage tissues and seasonal remobilization of internal resources (Millard and Grelet 2010) . Gaps in our knowledge on resource acquisition and nutrient allocation limit our understanding of tree acclimation to environmental changes (Peñuelas et al. 2012 , Achat et al. 2016 . For example, along a fertility gradient in tropical forests, nutrients in wood scaled positively with nutrients in leaves, suggesting that nutrient allocation is conserved across plant organs (Heineman et al. 2016) , whereas no significant relationships between leaf and fine root nutrient concentrations were found for a range of xerophytic woody species, supporting that resource acquisition among different tissues was uncoupled (Li and Bao 2015) . Along a boreal resource gradient, some co-occurring species responded with changes in nutrient uptake efficiency and others with changes in nutrient-use efficiency, indicating divergent acclimation strategies among different tree species (Nitschke et al. 2017) . Furthermore, trees in boreal and temperate forests show strong seasonal fluctuations in mineral nutrients, usually with high concentrations of P in xylem and phloem sap in spring and decreasing levels in leaves towards fall (e.g., Picea abies: Dambrine et al. 1992 , Dambrine et al. 1995 , P. abies and Quercus rubra: LeThiec et al. 1995) . For beech trees, contrasting results have been reported: in spring, Yang et al. (2016) found high P concentrations in the xylem extracts of young beech trees grown in P-rich soil and low P concentrations in beech trees grown in Ppoor soil, whereas Netzer et al. (2017) reported no changes or a dip of P in the xylem sap of beech trees from two forest sites differing strongly in P availability. Yang et al. (2016) showed that the P concentrations of phloem and wood exudates from beech of the P-poor site peaked in mid-summer, when those from beech trees on P-rich soil started to decline, whereas in the study of Netzer et al. (2017) P dynamics in beeches from contrasting P-sites were not markedly different. Nutrient concentrations of leaves are typically used to diagnose the nutrient status of trees (Mellert and Göttlein 2012) but low soil P availability is not well reflected by foliar P concentrations across different sites in Europe (Bauer et al. 1997 , Talkner et al. 2015 . For example, along a geosequence with a more than 10-fold decrease in soil P stocks, the P concentrations in beech leaves exhibited only a marginal decrease . The fine roots of these trees also showed only a low correlation with soil P availability, whereas a strong correlation between soil and tissue P was observed for coarse roots (Zavišić et al. 2016) . Altogether, these partly conflicting data indicate that the internal allocation and seasonal uptake dynamics of P in beech trees and the consequences of high or low soil P availability for beech nutrition, foliar P levels and growth are not yet well understood.
The goal of this study was to elucidate the internal P dynamics and P demand for growth at the whole-plant level throughout an annual growth cycle for young beech trees. For this purpose, we investigated P concentrations and P pools of all plant tissues. To determine net P exchange between different plant P pools, total P (P tot ) and soluble P (P i ) were measured. We applied 33 P to trace seasonal P uptake and to characterize the translocation of new P in trees grown in P-rich and P-poor soil. To exclude the influence of different climatic conditions or water availability, young beech trees were excavated with intact soil cores in two forests differing in P stocks and cultivated under common garden conditions. The trees were harvested regularly at different phenological stages . We used this experimental design to test the hypothesis that growth and compensation of P growth demand of beech are temporally decoupled regardless the soil P stocks; we expected that the whole-plant P pools would decline in spring if growth was strong and not compensated by corresponding P uptake. If P uptake occurred in summer as proposed by Netzer et al. (2017) , the P pools should be replenished during this time of the year and show a relative excess in fall due to resorption. We further tested the hypothesis that beech trees adjust their growth under low P conditions to prevent declining P concentrations and therefore show P cycling similar to that of trees with high P supply. Alternatively, we hypothesized that beech trees in P-poor soil exhibit higher P-use efficiency than in P-rich soil leading to similar growth regardless of P supply but with smaller P pools.
Materials and methods

Site characteristics
Two beech (F. sylvatica L.) forests were selected that differ in their soil properties: Bad Brückenau (BBR) is a high-P and Lüss (LUE) a low-P site as described previously (Zavišić et al. 2016) . Briefly, the forest BBR is located in the biosphere reservation 'Bayerische Rhön' (50°35′N, 9°92′E, 801-850 m above sea level). The soil type is of volcanic origin (basalt). The organic layer contains mean total P concentrations of 1.99 mg P g −1 and the mineral topsoil 3.0 mg P g −1 dry mass (Zavišić et al. 2016 ).
The mean long-term sum of annual precipitation is 1000 mm and the mean annual temperature 5.8°C. The average age of the beech stand is 137 years (Haußmann and Lux 1997) . The beech forest LUE is situated in the district Celle of Lower Saxony (52°83′N, 10°36′E, 115 m above sea level). The mean annual temperature is 8.0°C and the mean annual sum of precipitation is 730 mm. The soil type is sandy-loam from silicate substrate. The organic layer contains mean total P concentrations of 1.11 mg P g −1 and the mineral topsoil of 0.17 mg P g −1 dry mass (Zavišić et al. 2016 ). The beech stand has an average age of 120 years (Haußmann and Lux 1997) . For this study, young beech (F. sylvatica) trees (height range between 0.3 and 0.4 m) were obtained from the P-rich BBR and the P-poor LUE forests. The trees were excavated with their intact forest soil layers to a depth of 0.2 m in smooth-walled polymer pipes (diameter: 0.12 m). Each pipe was hammered into the soil with a young tree in the center and was pulled up with the soil. In the BBR forest, 150 pipes with soil and trees were collected on 21 October 2013 and in the LUE forest on 22 October 2013. The trees in the cylindrical pipes with intact soil cores were exposed from October 2013 to March 2015 to ambient climatic conditions (Table 1) at a common garden site (adjacent to the Forest Botanical Garden, Georg-August University of Göttingen, Germany, 51°32′N, 9°56′E, 153 m above sea level, mean annual temperature 8.5°C, mean sum of annual precipitation 614 mm). Soil elements were measured and confirmed differences between the sampling sites ( Table 2 ). The trees were kept under shading nets to mimic understory conditions similar to those at their original forest site and were rotated regularly to avoid positional effects. The trees were watered with tap water as needed to prevent drought stress.
Plant and soil radioactive labeling
From March 2014 to February 2015 phenology of trees was recorded by Yang et al. (2016) . Here, we selected five phenological stages for radioactive pulse labeling: bud swelling, young mature leaves, old mature leaves, autumn without vital leaves and buds in winter dormancy (see Figure S1 available as Supplementary Data at Tree Physiology Online, PO 4 (Hartmann Analytic GmbH, Braunschweig, Germany) in 40 ml of tap water to each plant, amounting to a total of 0.017 nmol P per plant. Each plant was subsequently watered with tap water to distribute the radioactive marker throughout the soil core. To avoid loss of label by through-flow a plastic saucer was placed underneath each soil core. Any flow-through was returned to the soil core. Controls plants were irrigated with 40 ml tap water. During the 30-day chase period, the plants were irrigated with tap water to avoid drought stress. Throughflow was avoided, but if it happened, the collected water was used for re-irrigation.
Harvesting procedure
The basal stem was cut~0.01 m above the soil. The soil core was subsequently pushed out of the pipe, and the organic Mean air temperature (°C) 12.9 ± 0.5 16.5 ± 0.9 19.8 ± 0.5 14.6 ± 0.3 4.6 ± 0.4 Mininum air temperature (°C) 6.4 ± 0.5 8.7 ± 0.9 13.8 ± 0.5 11.7 ± 0.3 1.4 ± 0.4 Maximum air temperature (°C) 18.1 ± 0.5 25.5 ± 0.9 25.3 ± 0.5 18.0 ± 0.3 11.4 ± 0.4 Relative air humidity (%) 72.0 ± 1.8 71.3 ± 2.1 75.9 ± 1.5 84.4 ± 0.9 78.1 ± 1.7 GR (MW m −2 day −1 ) 4.9 ± 0.6 5.4 ± 0.5 4.6 ± 0.5 4.4 ± 0.6 4.9 ± 0.4 Mean day length (h:min) 13:58 16:11 15:13 11:16 10:39
Weather data recorded during the experiment are shown for the 30-day time periods from labeling to harvest in 2014 and 2015. Data are means (± SE). GR, global radiation; MW, Megawatt. Zavišić et al. (2016) . Different letters indicate significant differences between means (Tukey's HSD pairwise comparisons).
Tree Physiology Online at http://www.treephys.oxfordjournals.org layer separated from the mineral topsoil. The fresh mass of each soil layer, and of all plant parts (buds, leaves, stem, fine roots and coarse roots) were determined. Well mixed soil aliquots and plant fractions were dried at 40°C for 1 week, weighed and used for analyses of the dry mass per soil layer and plant fraction.
Elemental analyses
Dry fine root, coarse root, bud, leaf and stem tissues as well as soil samples of controls were milled (Retsch MN 400, Haan, Germany). For total P (P tot ) determination about 50 mg of the powder was weighed and extracted in 65% HNO 3 at 160°C for 12 h according to Heinrichs et al. (1986) . The extracts were filtered and used for 33 P analyses (see below) and those of the control plants also for elemental analysis by inductively coupled plasma-optical emission spectroscopy (ICP-OES) (iCAP 6000 Series ICP-OES, Thermo Fisher Scientific, Dreieich, Germany) in the department for Tropical and Subtropical Soil Science (GeorgAugust University of Göttingen, Germany).
Soluble phosphorus determination
About 100 mg of milled dry sample was extracted for 5 min on a shaker at 180 rpm in 10 ml Bray-1 solution (1 M NH 4 F, 0.5 M HCl). The extracts were filtered using phosphate free filter paper (MN 280 ¼, Macherey-Nagel, Düren, Germany). The soluble P (P i ) was determined colorimetrically at 645 nm (Specord 205, Analytik Jena, Germany) with malachite green oxalate (Sigma, St Louis, MO, USA) reagent according to the procedure described by Lanzetta et al. (1979) . Soluble P was measured in each sample. Data for trees of each treatment and phenological time point that had been sampled within 1 week were used to calculate means.
Determination of 33 P by scintillation counting
Extracts prepared for P tot and P i analyses were also used to measure 33 P. For this purpose, 3 ml of extract from each plant tissue and from each soil fraction were mixed with 10 ml of scintillation cocktail (Rotiszint eco plus, Roth, Karlsruhe, Germany), and used for detection of 33 P signals with a PerkinElmer scintillation counter (Tri-Carb TR/SL 3180, Waltham, MA, USA). The non-labeled Day 0 samples were measured as controls. The signal was corrected for the 33 P half-life of 25.34 days using QuantSmart (version 4.00, PerkinElmer) to take the decay time between harvest and measurements into account. A background correction value was subtracted from all samples, which was obtained by measuring only scintillation cocktail and extraction solution using the same procedure.
Definition, calculations and statistical analyses
For the purpose of this study we denominated the total P content per gram of plant tissue as P tot concentration and the soluble P per gram of plant tissue as P i concentration. Total P (P tot ) or P i contents refer to the whole amount of P tot or P i per total mass of a tissue or the whole plant. All data are shown as means (n = 5) and standard error (±SE), if not indicated otherwise. Figures are shown in phenological order. To detect significant differences between means ANOVA was performed followed by comparisons of means with Tukey HSD (package: 'multcomp') using R version 2.9.1 (R Development Core Team 2012). Means were considered to be significantly different from each other when P ≤ 0.05. Testing for normal distribution and homogeneity of variances was done by analyzing residuals of the models and performing a Shapiro-Wilk test. When the data violated the assumption of normal distribution, data were log or square roottransformed, before ANOVA was performed. Regression models were calculated with Origin 8.5 (OriginLab Corporation, Northampton, MA, USA). Whole-plant P content was calculated as
Whole-plant P content mg P biomass fine roots P biomass coarse roots P biomass stem P biomass leaves P biomass buds. Whole-plant P i content (mg), whole-plant 33 P contents (kBq) and whole-plant bound P (P b , 'organic P') were calculated correspondingly. For P b determination the fraction of P b in each tissue was determined as:
dry mass whole-plant P content/whole plant biomass whole-plant P content/whole plant biomass.
To determine the relative allocation of biomass, whole-plant biomass of each plant was set as 100% and the fraction (%) of each tissue was calculated as:
Tissue (%) = biomass of tissue * 100/whole-plant biomass.
The relative allocations of P tot , P i and of 33 P contents were calculated correspondingly. Specific 33 P activity was calculated as
Specific P activity Bq mg P amount P in P extract of the soil core /amount P in the soil core. Phosphorus-use efficiency (PUE) is defined as the increment in biomass for a given increase in P during a given period of time: Tree Physiology Volume 38, 2018
We used the mean biomass and mean whole-plant P data at the beginning of the season before bud break as t 1 and those from the end of the growth phase (fall and winter) as t 2 . Since the resulting PUE data were not normally distributed, we compared the medians of LUE and BBR by the Wilcoxon test. We also plotted whole-plant biomass as a function of whole-plant P and tested differences between slopes by comparison of regression lines (Statgraphics, Centurion XVI, Statpoint Technologies, Inc., The Plains, VA, USA). To convert the slopes Δbiomass/ΔP to PUE, they were normalized to age with the mean age of trees of 14 (LUE) and 9 years (BBR, Yang et al. 2016) .
Results
Tissue-specific seasonal fluctuations of total P and soluble P differ between beech trees from a P-rich and a P-poor soil Throughout an annual cycle, strong variations in the concentrations of total (P tot ) and soluble phosphorus (P i ) were found in buds, leaves, stem, fine roots and coarse roots of young beeches grown in P-rich and P-poor soil ( Figure 1 , Table 3 ). Just before bud break, the swollen buds of trees from the P-rich and the Ppoor forest showed the highest P tot as well as P i concentrations occurring in any tissue throughout the whole year and a strong decline afterwards in mature leaves ( Figure 1A and E, P < 0.001, Table 3 ). The P tot concentrations in leaves from beeches in the P-poor soil dropped close to the latent stage of P deficiency (Mellert and Göttlein 2012) only once, at the end of June. At all other time points, neither leaves nor newly formed buds showed significant differences in P tot or in P i concentrations between trees from the P-rich and P-poor sites ( Figure 1A and E, P = 0.12, Table 3 ).
The seasonal fluctuations of P tot and P i concentrations in fine roots, coarse roots and stem tissues were different from those of leaves and usually higher in tissues from P-rich than in those from P-poor trees (Figure 1B-D and F-H, Table 3 ). In non-green tissues from the P-rich forest a drop to lowest P tot concentrations occurred between July and August, while those of P-poor plants showed the lowest P tot concentrations early in the season and increases towards fall and winter ( Figure 1B -D, Table 3 ).
The P i concentrations of P-rich plants showed a marked peak in May in stems and plateaus from April to May in coarse roots and from April to June in fine roots ( Figure 1F -H). In July the P i concentrations declined in these tissues to levels similar to those found in the corresponding tissues from the P-poor plants ( Figure 1F-H) . In non-green tissues of P-poor plants no significant fluctuations in P i concentrations were observed ( Figure 1F -H, Table 3 ).
Annual dynamics of P allocation in beech in P-rich and P-poor soil Using the biomass data for each tissue fraction, whole-plant P tot and P i contents were calculated and used to determine the relative annual allocation dynamics of P tot and P i (Figure 2 , Table 4 ). Swollen buds and young leaves of beeches from the P-poor site contained a higher fraction of P than those from the P-rich sites indicating preferential P allocation to new photosynthetic organs (Figure 2A , B, F and G, Table 4 ). The fractions of P allocated to stems were stable throughout the year (46% for P tot and 41% for P i , Figure 2C and H). The P tot and the P i fractions of coarse roots declined early in the season around bud break and were thereafter lower in P-poor than in P-rich plants ( Figure 2D and I) . Fine roots contained about 8% of P tot and P i and did not show marked seasonal fluctuations ( Figure 2E and J, Table 4 ). The dynamics of biomass allocation were similar for beech trees from the P-poor and P-rich forest (see Figure S2 available as Supplementary Data at Tree Physiology Online).
To find out whether the annual dynamic of the P fractions were driven by uptake of new P, we traced the allocation patterns of 33 P for up to 30 days after labeling in different tissues ( Figure 3 ). In winter, no transport to aboveground compartments took place ( Figure 3D and E, Table 4 ). Regardless of site about 60% of the new P resided in fine roots and 40% in coarse roots ( Figure 3D and E). In the other seasons, 1 day after label application usually about 46% of the new P was present in fine roots and declined afterwards ( Figure 3E , Table 4 ). In spring, substantial fractions of new P were allocated to the swelling buds (12%) and recently emerged leaves (18%, Figure 3A and B). Later in the year, the newly formed buds acquired only fractions of less than 2% of the newly taken up P ( Figure 3A ), whereas the P tot fraction in buds amounted 5-8% (Figure 2A ). These results show that a substantial fraction of P allocated to buds must have been provided by other tissues and not from external sources. Leaves from P-rich trees accumulated a higher fraction of new P in spring, whereas the trees from the P-poor site allocated a higher fraction of new P to leaves in summer ( Figure 3B , Table 4 ). Stems of P-poor trees acquired higher fractions of new P in late summer and fall than those from P-rich trees ( Figure 3C ). The higher accumulation in stems of P-poor trees was accompanied by a stronger decline of new P in fine roots indicating stronger internal P translocation under P-poor than under P-rich conditions ( Figure 3E , Table 4 ). The fraction of new P in coarse roots was relatively stable for trees from high and low-P forests, amounting about 41% the newly taken up P ( Figure 3D , Table 4 ).
Phosphorus requirement, utilization efficiency and deficit in young beech trees in a P-poor compared with P-rich soil
The net annual increment in biomass was 3.3 ± 0.3 g for beech in the P-poor and 6.3 ± 0.6 g in the P-rich soil (P = 0.005) ( Figure 4A ). With the increment in whole-plant P we obtained median values for PUE of 0.607 g biomass mg −1 P year −1 for Prich and 0.539 g biomass mg −1 P year −1 for P-poor trees, which did not differ significantly (W = 450, P = 0.994). To better capture resource use (biomass/P), we also fitted whole-plant
Tree Physiology Online at http://www.treephys.oxfordjournals.org D Figure 1 . Total P concentrations (P tot ) in buds and leaves (A), stem (B), coarse roots (C) and fine roots (D) as well as soluble P (P i ) in buds and leaves (E), stem (F), coarse roots (G) and fine roots (H) of young beech (Fagus sylvativa) trees from a P-rich (BBR, black symbols) and a P-poor site (LUE, white symbols). In panels (A) and (E) triangles indicate buds and circles leaves. Data show means of n = 5-15 per sampling date and site (±SE). Asterisks indicate significant differences at P < 0.05 between BBR and LUE at a distinct time point. Further statistical information is shown in Table 3 .
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biomass of the trees as the function of the amount of P in the whole plant ( Figure 4B ). We obtained distinct linear curves for P-rich and P-poor conditions, whose slopes (Δ mass/Δ P tot ) indicated 1.34-fold higher biomass increment per unit of P for trees from the P-poor than for those from the P-rich forest ( Figure 4B ). The difference between the slopes was significant (F 1,3 = 17.7, P = 0.042). If the difference in age was taken into account, the significant difference disappeared and the biomass increment of trees from the P-poor forest was similar (factor 0.9) to that of trees from the P-rich forest. According to Koide (1991) nutrient demand is defined as the deviation from the optimum. Whether net annual P uptake reflects P demand is not known because the optimal P supply of young beeches is not known. However, using beech in the P-rich soil as the reference the relative P deficit of beech in P-poor soil can be determined. To avoid confounding effects of differences in biomass between the P-rich and P-poor plants, the data were normalized by expressing the amount of whole-plant P relative to whole-plant biomass. We further distinguished between P i and P b (organically bound P) to identify internal allocation shifts between different P pools. We expected that an enhanced P demand during growth that was not compensated by P uptake or internal exchange between the pools of P b and P i would result in decreased P contents per unit of biomass. Increases in P per unit of biomass would indicate enhanced provision that was not used for growth.
Using this approach, clearly distinct patterns between P-rich and P-poor trees were found for P i ( Figure 5A , difference between the curves is significant at P < 0.001). Plants from the P-poor forest contained 0.18 ± 0.03 mg P i g −1 of plant biomass regardless of season ( Figure 5A ). In winter and fall, plants from the P-rich forest contained P i concentrations similar to those from P-poor conditions, whereas in spring after bud break the P i content increased drastically ( Figure 5A ), reached a peak after young leaves were fully unfolded and declined during summer. The P i increment of about 0.5 mg P i per gram of biomass of trees from the P-rich forest in spring corresponded to a decline of about 0.5 mg P b g −1 dry mass during this time ( Figure 5B ) and thus, reflected internal shifts between pools. However, the further decline in P i during summer was not compensated by an increase in P b ; instead, P b of plants from the P-rich forest decreased further ( Figure 5B ). Net recovery occurred only in late summer (after Day 200) and was confined to the fraction of P b ( Figure 5B ). The decline in P b of the P-rich plants in summer, thus, indicated that growth in summer ( Figure 4A ) was not accompanied by sufficient P uptake. Apparently, compensation of P demand in plants from P-rich conditions occurred in fall ( Figure 5B ). Analyses of the potential short term P uptake (24 h), calculated with the specific activities of 33 P/P i in soil solution (see Figure S3 available as Supplementary Data at Tree Physiology Online), indicated similar uptake rates for the plants in P-rich soil across the whole year, except a minimum in spring (Figure 6 ), supporting that P uptake and demand were temporally decoupled. Analyses of long-term 33 P uptake
showed maximum P acquisition of trees in P-rich soil in fall ) in fine roots, coarse roots, stem, leaves, buds and whole-plant P contents (mg plant −1 ) of young beech trees in P-rich (BBR) and P-poor soil (LUE). Figure 2 . Allocation of total P (P tot ) among buds (A), leaves (B), stem (C), coarse roots (CR) (D) and fine roots (FR) (E) as well as of soluble P (P i ) among buds (F), leaves (G), stem (H), coarse roots (I) and fine roots (J) of young beech (Fagus sylvativa) trees from a P-rich (BBR, black symbols) and a P-poor site (LUE, white symbols). Whole-plant P tot of each plant was set as 100% and the relative fraction in each tissue was calculated and shown in panels (A-E). Whole-plant P i of each plant was set as 100%, the relative fraction in each tissue was calculated and shown in panels (F-J). Data indicate means (n = 5 ± SE for P tot , and n = 5-15 ± SE for P i ). Asterisks indicate significant differences at P < 0.05 between BBR and LUE at a distinct time point. Further statistical information is shown in Table 4 .
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(see Figure S4 available as Supplementary Data at Tree Physiology Online).
Throughout the whole season, plants in P-poor soil contained about two times lower P b contents per unit of plant biomass than those in P-rich soil ( Figure 5B , difference between soil treatments was significant at P < 0.05). This resulted in a negative P b balance of beech trees in P-poor compared with those in P-rich soil across all time points, whereas a negative P i balance occurred only during the vegetation period and not in winter ( Figure 5C ). Taking P i and P b budgets together, the difference of trees in P-poor compared with P-rich conditions was largest in spring and early summer and lowest in fall and winter ( Figure 5C ). When the higher resource efficiency of plants in P-poor soil was taken into account, the P deficit was still large during the growth season but recovered almost completely in fall ( Figure 5C , stars). The massive P deficit in early summer ( Figure 5C ) was supported by low P uptake rates of trees in Ppoor compared with those in P-rich soil during most times of the year (Figure 6 ). In contrast to P-rich beech trees, plants in P-poor soil showed a strong stimulation of P uptake in late summer, which explains the recovery of the P pool in fall ( Figure 6 , and see Figure  S4 available as Supplementary Data at Tree Physiology Online).
Discussion
Trade-off of P between coarse roots and leaves enables beech to cope with low soil P This study was undertaken to better understand the P nutrition of beech because a comprehensive study of biomass production, P acquisition, internal allocation and use in forest trees was lacking. Moreover, a central question was to elucidate how forest trees cope with low soil P availabilities. A typical indicator for nutrient disorders are mineral concentrations in leaves of forest trees (Mellert and Göttlein 2012) . The threshold for P limitation are leaf concentrations <1.07 mg P g −1 dry mass (Mellert and Göttlein 2012) . Foliar P concentrations of adult trees on same plots where the young trees for this study had been collected, were slightly above this threshold and exhibited only marginal differences between the sites (P-rich: 1.4 ± 0.2 mg g −1 dry mass, P-poor: 1.2 ± 0.1 mg g −1 dry mass) ).
In the present study, mature leaves of the young trees from these forests contained P concentrations similar to those of the adult trees. In agreement with previous seasonal analyses (Eschrich et al. 1988 , Netzer et al. 2017 ) beech leaves showed a strong P decline from bud burst to senescence. The P decline is due to resorption and re-use for leaf formation in the following year (Eschrich et al. 1988) . Similar patterns for P recycling between needles and stem have been reported for spruce trees, which do not shed their foliage in fall (Barrelet et al. 2006) , indicating a general nutrient-saving strategy. An unexpected finding was that P concentrations in leaves of beech trees in P-poor soil were similar to those in P-rich soil. A possible explanation for this result would be that despite strongly contrasting P availabilities, beech did not suffer from P limitation. This interpretation is questionable because the photosynthetic rates of young beech trees in P-poor soil measured in different seasons were always lower than those of plants in Prich soil . Decreases in photosynthesis are a common response to insufficient P availability in chloroplasts (Baker et al. 2015) and have also been found in other tree species grown in soils with low P (Hidaka and Kitayama 2009 ). An Table 4 . Results of analysis of variance for the relative allocation of P tot , P i and newly taken up P among fine roots, coarse roots, stem, leaves and buds from young beech (Fagus sylvatica) trees from a P-rich and a P-poor site. The total amount of P (P tot ) was set as 100% and the relative allocation of P tot among different tissues was calculated. The total amount of soluble (P i ) was set as 100% and the relative allocation of P i among different tissues was calculated. The total amount of 33 P taken up after 1, 7 or 30 days after label was set as 100% ( 33 P) and the relative allocation of 33 P among different tissues was calculated for each day. Multifactorial ANOVAs were conducted with season (winter, spring, early summer, later summer and fall) and site (high-P soil = BBR and a low-P soil = LUE) as main effects for P tot and P i and in addition 'day after label application' (Day) for 33 P. Bold letters indicates significant effects at P < 0.05.
Tree Physiology Online at http://www.treephys.oxfordjournals.org alternative explanation for the maintenance of foliar P levels in a relatively sufficient range is that internal P allocation patterns preferred leaves over other tissues. This assumption was supported by our data indicating preferred resource allocation as well as translocation of new P to buds and new foliage (Figure 2 , Figure   4 ). The increment in P in young foliage occurred mainly at the expense of P i in coarse roots, which showed a strong decline during elevated P allocation to leaves, whereas the relative allocation to other tissues remained stable despite substantial fluctuations in P concentrations. In spring, P uptake from soil was extremely low, thus further supporting that internal trade-off prevented P depletion in leaves compared with beech trees grown in P-rich soil. Although our study provides compelling evidence for P limitations in the P-poor soil, it will be useful to clarify in future experiments if these deficits can be ameliorated by P fertilization.
A notable finding was that beech in P-rich soil accumulated a relative excess of P i in spring and early summer, which was fed by a corresponding decline in organic P, mainly originating from coarse roots and to some extent from stems. This excess of P i was not used to enhance the foliar concentrations but targeted to stems and fine roots, thereby keeping the relative P allocation to these tissues constant. Because the relative P allocation to stems was stable regardless of season and soil P supply, a net function of the stem as storage tissue as suggested by Netzer et al. (2017) was not apparent for the young trees in our study. However, the P concentrations showed pronounced fluctuations indicating participation of stem tissues in metabolic P turnover. Among the perennial tissues the strongest P allocation dynamics occurred in coarse roots, which were furthermore a strong sink for newly taken up P (42% ± 2%) across all seasons and regardless of soil P supply. Under low P conditions, coarse roots supplied P i to newly formed leaves at the expense of their own P i pool and under high P conditions by degradation of organic P. Consequently, coarse roots were the main storage compartment for P of young beech trees. It is likely that in adult trees stems also have important functions in P storage because of their massive volume, longevity and metabolically flexible P concentrations (this study, Netzer et al. 2017) .
The dynamics of internal P allocation between different tissues as well as between the organic and inorganic P pools revealed a clear preference for emerging leaves and resorption of the major portion of leaf P after the leaves has reached maturity, regardless of the soil P supply. Consequently, leaf P concentrations did not clearly reflect P limitations and therefore, their indicator value for beech P nutritional status is questionable. Instead, the P concentrations of coarse roots appear to be more promising as an indicator for P deficiency. This suggestion is also supported by a strong correlation between soil P concentrations and coarse root P concentrations of adult trees along a soil P gradient (Zavišić et al. 2016) . In other studies, low soil P was also better reflected in stems and roots than in other tissues (Schreeg et al. 2014) . Since reliable indicators for ecosystem nutrition are urgently needed, future studies in forest ecosystems should include analyses of nutrient concentrations in coarse roots and stems to better understand the environmental factors influencing tree nutrition. , stem (C), coarse roots (CR) (D) and fine roots (FR) (E) of young beech (Fagus sylvativa) trees from a P-rich (BBR, black symbols) and a P-poor site (LUE, white symbols). Whole-plant 33 P content of each plant was set as 100% and the relative fraction in each tissue was calculated. Data indicate means (n = 5 ± SE). Asterisks indicate significant differences at P < 0.05 between BBR and LUE at a distinct time point. Further statistical information is shown in Table 4 .
Growth and P acquisition are temporally decoupled and adjusted to P availability Our initial working hypothesis was that growth and compensation of P growth demand of beech are temporally decoupled regardless of the soil P stocks, leading to a decline in the P pool when growth was strong and compensation afterwards. Our data support this hypothesis at the level of the whole-plant P and also for the organic P pool, but not for the P i pool. The P i pool was surprisingly stable in plants in P-poor soil throughout the annual cycle, suggesting perhaps the existence of a physiological lower limit, which may not be undercut in a healthy plant. In line with this suggestion, plants in P-rich soil exhibited P i levels in fall and winter similar to those of plants in P-poor soil but elevated levels during the growth phase. P i is the main transport form of P taken up from the soil and transported to aerial parts (Poirier and Bucher 2002, López-Arredondo et al. 2014) , whereas internal relocation via phloem additionally uses ATP or hexose-P (Rausch and Bucher 2002) . Therefore, elevated P i concentrations in beech in spring may signal sufficient P availability and the observed P i decline towards fall, a need for P uptake. However, how much seasonal variations in whole-plant P i concentrations can be sensed and contribute to regulate P i uptake from soil, is currently unknown and requires further analyses.
In contrast to our expectation that beech trees from P-poor and P-rich soils would exhibit similar seasonality with a replenishment of the whole-plant P pools in summer (Netzer et al. 2017) , divergent temporal patterns were observed. The Ppools of the beech trees in P-poor soil started to be re-filled in late summer and those of trees in the P-rich soil even later in fall. Since plants have to compete with soil microbes for nutrients, their activities can influence plant nutrition as shown for nitrogen (Dannenmann et al. 2016) . However, this explanation was disproven for P because strong variations in enzyme activities (phosphatases), microbial P-related genes or microbial-P were not present in the soils of our study (Spohn et al. 2017) but the bacterial communities were shifted to make bound P accessible (Bergkemper et al. 2016) . Furthermore, P enrichment in mycorrhizal root tips, determined by 33 P tracing, was high throughout the whole year, except winter (Spohn et al. 2017) , suggesting that differences in plant P uptake were regulated by the plant and not by insufficient mycorrhizal P supply. Based on these data, we propose that net growth cessation may play a role for the timing of enhanced P uptake because beech in P-poor soil showed a short, early time period of net biomass increment, whereas those in the P-rich soil grew until late summer. Time periods of main P uptake from soil, as traced by 33 P, occurred in late summer and fall in trees in P-poor soil and only in fall in trees in P-rich soil (Spohn et al. 2017) . For fir, main P uptake was also found late in the season after bud set (Langlois and Fortin 1984, McDonald et al. 1991) . In our study, the period of main P uptake from soil coincided with the times of net replenishment of the P pools after growth cessation. Our study further shows that in addition to uptake and internal allocation, beech trees cope with low P supply by reduced growth and higher biomass-to-P ratios, resulting in similar PUEs of young trees in P-rich and P-poor forests. To avoid confounding effects due to differences in the starting biomass of the plants, the current study had been performed with trees of similar height and biomass, and thus older plants from the P-poor (14 years) than from the P-rich (9 years) site . Although tree age classes may have implications for the physiology, an important age-effect is unlikely in our study because in both cases, juvenile trees were used, which were not in seedling stage any more but still far away from maturity. Our results demonstrate plant-soil feedbacks for P, obviously leading to the adjustment of P use and growth. This notion is not selfevident because total biomass and P contents of the juvenile A B Figure 4 . Biomass increment (A) and relationship of whole-plant P content with whole-plant biomass (B) for young beech (Fagus sylvatica) trees from a P-rich (BBR, black symbols) and a P-poor (LUE, white symbols) forest. Data in (A) are means of n = 5-15 per time point and site (± SE). The mean starting biomass was 3.49 ± 0.36 g for BBR and 4.27 ± 0.46 g for LUE trees. Asterisks indicate significant differences at P < 0.05*, 0.01** or 0.001***. Data in (B) show individual measurements of biomass and whole-plant P contents.
Tree Physiology Online at http://www.treephys.oxfordjournals.org trees were small and, thus, the required P would have theoretically been available in the explored soil volume, even in the poor soil (Spohn et al. 2017) . A fairly constant PUE was achieved by lowering the concentrations and pools of the organic P fraction in heterotrophic tissues, especially stem and coarse roots. These results underpin that the P concentrations in those tissues are more flexible than in leaves and roots, in accordance with their proposed P storage functions. These findings also demonstrate that the concept of PUE, which resulted in the unexpected insight that PUE of beech in P-rich soil was similar to that of plants in P-poor soil, has limitations for the understanding of the P utilization beech. Of note, the maintenance of leaf P concentrations suggests that cross-talk between growth processes and foliar P levels may prevent a drop below a critical threshold in leaves. Studies in arable crops and model plants (Arabidopsis, Populus) revealed microRNAs for signaling P deficiency, upregulation of phosphate transporters and phosphatases for P acquisition (Kavka and Polle 2016 , Młodzińska and Zboińska 2016 , Wang et al. 2017 . In beech in P-poor soil, uptake systems and amino acid biosynthesis were stimulated after fertilization (Geilfus et al. 2017) . However, the seasonal regulation of these processes, the molecular components involved and their cross-talk with growth are still enigmatic.
Conclusions
This study reveals that beech trees are equipped with multiple mechanisms that enable them to cope with low soil P availabilities. At the level of different plant compartments, heterotrophic tissues acquired flexible concentrations of organic P, thereby, permitting beech to adjust biomass production to varying soil conditions. Coarse roots of young beech trees served as main P storage compartment. In contrast, foliar P concentrations responded only marginally to low soil P availabilities and were a preferred internal sink for P, indicating a conserved demand in photosynthetic tissues. Thus, divergent tissue-specific P allocation contributed to beech acclimation to different soil P conditions. At the whole-pant level, net biomass increment and P uptake were temporally uncoupled, resulting under both Prich and P-poor conditions in a decline in whole-plant organic P pools. The massive decrease in overall P pools in the beech trees in P-poor soil during the early growth phase compared with beech in P-rich soil indicated a far stronger P deficit under P-limited conditions. Nevertheless, the pools were replenished after growth cessation, implying sustainable P Day of year C Figure 5 . Annual dynamics of mean whole-plant soluble P (P i ) (A), organically bound P (P b ) (B) and differences between the P fractions of young beech trees (Fagus sylvatica) from a P-rich (BBR) and a Ppoor (LUE) site (C). Whole-plant P i respective P b contents were normalized to biomass and, thus, expressed in mg g −1 dry mass. Asterisks indicate significant differences at P < 0.05 between BBR and LUE at a distinct time point. Data for P i of BBR trees were modeled by a Log-Normal function with the equation y = 0.205 + 42.1/(SQRT(2 * pi) * 0.28 * x) * exp(-(ln(x/128.5)) 2 /(2 * 0.28 2 )) with Chi 2 /DoF = 0.00066, R 2 = 0.98758 and data for P i of LUE trees by linear regression with y = 0.192 −7.88 * 10 −5 x, R = −0.225, P = 0. 532. In (C), differences were calculated as P content (mg g −1 d.wt.) of LUE trees -P content (mg g −1 d.wt.) of BBR trees. To account for differences in biomass production per unit of P, we calculated ΔP norm with the ratio of the slopes of 1.36 (taken from Figure 4) as follows: 1.36*(P b + P i ) of LUE -(P b + P i ) of BBR (star symbols in C).
Tree Physiology Volume 38, 2018 use, regardless of P availability in soil. Obviously, growth adjustment of the trees in P-poor soil further enabled beech to exist on a wide range of soil P conditions.
At the ecosystem level, metabolic flexibility of P in heterotrophic tissues, preferential allocation to leaves and growth acclimation are probably important physiological features that contribute to successful colonization of different habitats by beech trees. However, these characteristics render the detection of P limitations difficult. The observed long-term decline in beech foliar P levels (Talkner et al. 2015) may indicate that mature trees may not be able to maintain the balance between growth and P acquisition over decades when P availability in soil is low, or that other environmental cues such as nitrogen deposition or drought disturb the intricate poise of P pools and growth. Recent evidence suggests that P limitation is increasing due to higher nitrogen deposition and soil acidification, placing additional stress on forest ecosystems, which must cope with climate change (Vitousek et al. 2010 , Peñuelas et al. 2012 , 2013 , Huang et al. 2016 ). In the future, it will therefore be important to understand the mechanistic basis of plant-soil P balance in beech forests and their responses to environmental changes.
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Supplementary Data for this article are available at Tree Physiology Online. .wt. day −1 ) in young beech trees (Fagus sylvativa) from a P-rich (black bars, BBR) and a P-poor (white bars, LUE) site. Soluble P (P i ) uptake was calculated using the specific activities of 33 P/P i (Bq mg −1 ) in the soil cores (see Materials and methods, and Figure S3 available as Supplementary Data at Tree Physiology Online) and whole-plant 33 P contents (Bq). Bars show means (n = 5 ± SE). Different letters indicate significant differences at P < 0.05. and ***P < 0.001, *P < 0.05 and •P < 0.1. Data were log-transformed prior to statistical analyses.
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